diameter; Erie Scientific Company, Portsmouth, NH) were hybridized by the addition of 20 8 µL of hybridization buffer with 1 µL of oligonucleotide probe (25 ng/µL) in a moist 21 chamber at 46°C for 16 h. Washing of hybridized cells was conducted in pre-warmed 22 washing buffer for 20 min at 48°C. After drying, bacterial cells on the glass slides were 23 stained with DAPI and the dried slides were mounted with VECTASHIELD ® Mounting 24 Medium (Vector Laboratories, Inc., Burlingame, CA). To evaluate the occurrence of 1 autofluorescence from debris/particles in feces, a representative fecal sample was 2 analyzed without probe or after hybridization with Eub338 labeled with appropriate 3 fluorochromes. For the validation of FISH-FCM results, several 16S rRNA-targeted 4 oligonucleotide probes labeled with Cy3 and the helpers (Table 1) were used to 5 enumerate the bifidobacterial populations at genus and species levels. Bacterial cells 6
were monitored using an Olympus BX50 epifluorescence microscope (Olympus 7
Corporation, Tokyo, Japan) equipped with an Olympus DP30BW CCD camera 8 (Olympus Corporation) operated by MetaMorph ® Imaging System software (Molecular 9
Devices Corporation, Sunnyvale, CA). DAPI and Cy3 signals were captured for at least 10 10 microscopic fields of each well and counted manually using Adobe Photoshop 11 version 7.0 software (Adobe Systems Incorporated, San Jose, CA). 12
Measurement of fecal pH. The pH of each fecal sample was measured by 13 inserting the electrode of an ISFET pH meter KS701 (Shindengen Electric 14 the mean values for the control week (0W) and for the rest of the weeks (2W, 4W and 19 8W) . 20
21

RESULTS
22
Feasibility test of FISH-FCM method for enumeration of bifidobacterial 23
population in fecal samples. In the preliminary experiments for the enumeration of 24 bacterial populations both in pure culture of B. breve JCM 1192
T and in fecal samples, 1 we applied a previously reported FISH-FCM method in which FITC and Cy5 were used 2 as fluorescent dyes to double-stain the bacterial cells (30). Although satisfactory results 3 were obtained for pure culture samples (data not shown), measurements of the fecal 4 samples were not successful because of interference from high background fluorescence 5 observed when Non338-FITC was used as a negative probe. We assumed these 6 phenomena were caused by the presence of autofluorescence materials in the fecal 7 samples. We checked the fecal samples using epifluorescence microscopy to confirm 8 this assumption, and found that autofluorescence particles could be seen in fecal 9 samples even without hybridization probes (data not shown) when the detection filter 10 for FITC was selected, but not when the other filters (for Cy3 and Cy5) were selected. 11
In addition, the autofluorescence fecal particles were found to be similar in size to 12 bacterial cells (Fig. 1A ) when the fecal sample was observed after hybridization with 13 Eub338-FITC. In contrast, only bacterial cells were detected when the sample was 14 hybridized with Eub338-Cy5 (Fig. 1B) . From these results, Cy5 was expected to be a 15 suitable fluorochrome for FISH-FCM analysis of fecal samples. To confirm this, FISH-16 FCM analysis of a representative fecal sample was conducted by hybridization with 17 negative probes (Non338-FITC or Non338-Cy5). As expected, very high background 18 fluorescence was observed when the fecal sample was hybridized with Non338-FITC 19 ( Fig. 2A) , whereas relatively low background fluorescence was observed when Cy5 was used as a negative probe (Fig. 2B) . In contrast, very low background 21 fluorescence was detected when pure culture of B. breve JCM 1192
T was hybridized 22 with either Non338-FITC (Fig. 2C ) or Non338-Cy5 (Fig. 2D) , indicating 23 autofluorescence particles were derived from fecal materials. Based on these results,Cy5 was selected for labeling all the oligonucleotide probes for FISH-FCM analysis of 1 bacterial populations in fecal samples. When we applied this single-staining procedure 2 to fecal samples, the results of bifidobacterial enumeration were very similar to those 3 obtained by FISH-manual counting analysis (examples shown in Table 3 counts did not change significantly during and after the raffinose administration relative 10 to the initial values (0W). Total counts (mean ± standard errors of mean) at 0W were 11 1.4 x 10 11 ± 0.2 x 10 11 cells/g wet feces. The average counts were reduced slightly to 12 Discrepancy between total bifidobacteria and sum of bifidobacterial species 1 in FISH-FCM analysis. We found discrepancies between the proportion of total 2 bifidobacteria (Bif164m) and sum of the proportions of each bifidobacterial species 3 detected using species-specific probes. On average, the species-specific probes used in 4 this study detected 49-66% of the bifidobacterial population in fecal samples (Table 2) . 5
The undetected percentage varied depending on individuals and the time of sampling. 6
Almost no discrepancy was found in subject 1 at 0W, 2W, and 4W, whereas subject 2 7 showed lower proportions of detected Bifidobacterium species throughout the 8 experiments (Table 3) . To further examine these discrepancies, we enumerated fecal 9 samples from both subjects using FISH-microscopy. The results were quite similar to 10 those obtained by FISH-FCM (Table 3 ), suggesting that the discrepancy described 11 above was not caused by the FCM methodology. region (2, 6). It seems that the autofluorescence particles could be residues of plant 23 fibers because we frequently observed fiber-shaped highly autofluorescent particlesunder epifluorescence microscopy when the detection filter for FITC was selected (data 1 not shown). It has also been noticed that autofluorescence arises in plant tissue from 2 chlorophylls, alkaloids, and flavonoids in addition to the aforementioned fluorescent 3 molecules (2). It is important to note that interference by autofluorescence in FISH-4 FCM analysis using FITC dye has also been experienced for fecal samples collected in 5
European countries (E. E. Vaughan, Wageningen University, Netherlands, personal 6 communication). However, judging from the relatively low background signals 7 observed in FISH-FCM using unhybridized fecal samples (30), and the fact that dual 8 staining using both FITC and Cy5 as fluorochromes has been successfully applied to the 9 analysis of fecal samples (12, 17, 22), we assumed that fecal samples from European 10 countries generally contained less autofluorescence particles than those from Japan. 11
For the most part, FISH-FCM has been applied to monitor bacterial 12 populations at the genus or group level. The application of FISH-FCM in the analysis 13 of fecal bacteria at the species level is still limited to Bacteroides species (23) and 14
Clostridium species (13). We reported, for the first time, the FISH-FCM analysis of 15 fecal bifidobacterial populations at the species level to clarify the effects of raffinose 16 administration. The average proportion of bifidobacterial populations in human feces 17 accounted for 12.5% of total bacteria at 0W (Table 2 ). This was higher than the average 18 for people living in European countries, where it is generally about 3.5% of total 19 bacteria (12, 17, 22) . The difference in bifidobacterial proportions between these 20 studies may be caused by differences in the diet of each subject, as well as differences 21 in common food materials between Japan and European countries. At the species level 22 analysis using FISH-FCM, the majority of bifidobacteria was composed of B. 23 adolescentis, B. catenulatum group, and B. longum, in that order (Table 2 ). This resultis in agreement with that reported by Matsuki et al. (15) , where the same order has been 1 found using real-time PCR analysis for bifidobacterial cell numbers in fecal samples of 2 human adults in Japan. 3
With the consumption of 4 g of raffinose per day, the average proportion of 4 bifidobacteria in feces increased from 12.5% (0W) to 37.2% (4W) of total bacteria 5 ( Table 2 ). This result represents the first precise clarification of the effect of raffinose 6 on the growth of indigenous bifidobacteria in the human intestine by molecular 7 approach. We have not conducted crossover and/or parallel study, since at least the 8 increases of bifidobacterial population by administration of raffinose have been 9 established both in rat experiment (8) and in human study (5). A higher proportion of 10 bifidobacteria (58-80% of total culturable bacteria) in response to raffinose 11 administration than we found has been reported previously (5). This may be because of 12 the higher raffinose intake (15 g/day) and/or the application of a culture-dependent 13 method for the enumeration of bacterial populations. In many cases, results obtained 14 using culture-dependent methods for the evaluation of bacterial proportions in complex 15 ecosystems tend to underestimate or overestimate. 16
Species-level analysis during and after raffinose intake revealed many 17 interesting features of population dynamics of bifidobacteria. The proportions of each 18 species of the major group (B. adolescentis, B. catenulatum group, and B. longum) 19 continued to increase until the end of the administration period (4W), reaching two to 20 three times the original (0W) levels, then returned almost to the 0W proportion at 8W.throughout the experimentation period (0W-8W). These results may reflect the 23 established niches of the predominant bifidobacteria in the human intestine. In contrast,the proportions of the minor members were not stable. Although members of the minor 1 group appeared to be boosted dramatically at 2W, they generally failed to establish 2 niches at 4W, and their populations became more variable after stopping raffinose 3 administration (8W). For example, although the proportion of B. breve increased four 4 times from 0W to 2W, it then decreased to 1/10 of 0W at 8W. In contrast, B. angulatum 5 and B. dentium, which were not detected at all at 0W, persisted considerably at 8W. B. 6 dentium was originaly isolated from dental caries (25) and its presence has also been 7 demonstrated in human intestine at about 10 7 cells/g feces by real-time PCR (15). 8
Although relatively high proportion of this bacterium was detected in the present study 9 as much as 0.6% of the total bacteria (Table 2) (which may correspond to about 10 10 10 cells/g feces), its impacts on health of human host are generally not well understood. 11
The reason for instabilities in population dynamics of the minor members of 12 bifidobacteria is not clear. However, these results at least indicate that the 13 administration of raffinose not only increases the diversity of bifidobacterial 14 populations, but also possibly establishes different bifidobacterial compositions in the 15 human intestine after stopping the administration. 16
A discrepancy was found between the total bifidobacterial proportion 17 (Bif164m) and the sum of the proportions of each species of bifidobacteria in fecal 18 samples ( Table 2 ). The presence of other known bifidobacteria associated with fecal 19 samples, such as B. lactis and B. gallicum, may be one reason for this discrepancy. 20
Whereas we did not monitor these two species, the presence of these species in human 21 feces is relatively rare (3, 16). The presence of other unidentified bifidobacteria in the 22 feces was also considered a possibility. In another report (10), 16S rDNA clone library 23 derived from human fecal samples showed bacterial clones affiliated with unculturedBifidobacterium species. Similarly, many uncultured Bifidobacterium-related 16S 1 rDNA clones have been found in fecal samples of adults and distinguished among live 2 and dead cell fractions using FCM with a sorting system (4). Our results suggest that 3 there may still be unidentified bifidobacteria that have not yet been characterized in 4 fecal samples. To test this suggestion, we conducted a matching analysis of probe 5 sequences to 16S rDNA sequences stored in the Ribosomal Database Project (RDP-II) 6 (7). It appeared that about 9% of the total Bifidobacterium-related 16S rRNA sequences 7 were categorized into "unidentified uncultured bifidobacteria" (Table 4 ) by matching 8 their sequences (>1200 bp) to seven 16S rRNA sequences of Bifidobacterium species-9 specific oligonucleotide probes (Table 1 ). Based on our study and previous works (4, 10 10), the occurrence of certain unidentified Bifidobacterium species may be expected. 11
This possibility must be analyzed in future to clarify the more detailed population 12 structure of bifidobacterial species. 13
In conclusion, we established a feasible method of FISH-FCM for the high-14 throughput analysis of microbiota in a wide variety of fecal samples. Using this method, 15
we demonstrated the effect of raffinose administration on the growth of indigenous 16 bifidobacteria by showing their population dynamics not only at genus level, but also at 17 the species level. Although we cannot obtain the general conclusion by human trial 18 with participation of only 13 volunteers, monitoring the population dynamics at the 19 species level revealed many interesting features regarding the differences in growth 20 responses to raffinose between major and minor groups of bifidobacteria. These 21 findings contribute not only to the scientific characterization of raffinose effects, but 22 also to a more comprehensive understanding of bifidobacterial ecology in the human 23 gastrointestinal tract. 
